Continuous efforts are being made to find chemotherapeutic agents that are effective against human immunodeficiency virus type 1 (HIV-1). At present, six nucleoside reverse transcriptase (RT) inhibitors, three nonnucleoside RT inhibitors, and four protease inhibitors are available for the treatment of AIDS patients. However, clinical studies with these antiretroviral agents have revealed that monotherapy is insufficient for the long-term suppression of HIV-1 replication in HIV-1-infected patients. Therefore, combination chemotherapies with two or more drugs are required for effective treatment of the patients. In fact, recent development of combination chemotherapies with RT inhibitors and protease inhibitors has achieved a more than 2 log 10 reduction in the viral RNA level in plasma for a considerable period of time (10, 14) . In general, a combination chemotherapy has increased efficacy through additive or synergistic antiviral effects, has reduced levels of the toxic effects associated with the use of each compound at higher doses, and delays the emergence of drug-resistant viruses (17) .
Transcription of the viral genome (integrated proviral DNA) into its mRNA is an essential step in the replicative cycle of HIV-1 and is considered to be a potential target for chemotherapeutic intervention for the restriction of HIV-1 replication (8, 18) . Although a number of attempts have been made to discover an effective inhibitor of HIV-1 transcription, most of the compounds reported to date had marginal antiviral activities or considerable toxicities. For instance, the Tat antagonists Ro 5-3335 and Ro 24-7429 displayed significant anti-HIV-1 activities in cell cultures (15, 16) . However, clinical trials of Ro 24-7429 were halted due to some side effects in patients before its antiviral activities could be demonstrated (9) . In the meantime, we have recently identified 8-difluoromethoxy-1-ethyl-6-fluoro-1,4-dihydro-7-[4-(2-methoxyphenyl)-1-piperazinyl]-4-oxoquinoline-3-carboxylic acid (K-12) as a potent and selective inhibitor of HIV-1 transcription (1). K-12 inhibited viral replication in various cell culture systems acutely infected with HIV-1, including peripheral blood mononuclear cells (PBMCs). In addition, the compound could suppress HIV-1 production in chronically infected cells. Studies of its mechanism of action suggest that K-12 is a selective inhibitor of Tat-induced HIV-1 gene expression (4) .
Recent studies have revealed that replication-competent virus can be recovered from resting CD4 ϩ T cells even in patients with prolonged (more than 100 weeks) suppression of plasma viremia as a result of combination chemotherapy (11, 26) . Therefore, it is clear that the current chemotherapy cannot be stopped unless such reservoir cells have been eradicated or viral release from these cells can be completely suppressed. In this regard, HIV-1 transcription inhibitors have the potential to inhibit the recovery of latent virus from resting CD4 ϩ cells as well as infected macrophages, which are also considered to be a chronically infected cell population in HIV-1-infected patients with a long survival time (24) . In this study, we evaluated several combinations of K-12 and clinically available antiretroviral agents for their inhibitory effects on HIV-1 replication not only in acutely infected cells but also in chronically infected cells. We found that combinations of K-12 and either zidovudine (ZDV), lamivudine (3TC), nevirapine (NVP), or nelfinavir (NFV) synergistically inhibited HIV-1 replication in acutely infected MT-4 cells and PBMCs. Furthermore, synergistic inhibition was also observed with the combination of K-12 and cepharanthine (CEP), a nuclear factor B (NF-B) inhibitor (23) , in tumor necrosis factor alpha (TNF-␣)-stimulated U1 cells.
MATERIALS AND METHODS
Compounds. K-12 ( Fig. 1 ) was synthesized by Daiichi Pharmaceutical Co. (Tokyo, Japan). 3TC and NVP were kindly provided by S. Yuasa (Mitsubishi Chemical Corporation, Yokohama, Japan), while NFV and CEP were supplied by Japan Tobacco Co. (Takatsuki, Japan) and Kaken Shoyaku Co. (Mitaka, Japan), respectively. ZDV was purchased from Sigma Chemical Co. (St. Louis, Mo.). All compounds were dissolved in dimethyl sulfoxide at a concentration of 20 mM or higher to exclude any antiviral or cytotoxic effect of dimethyl sulfoxide.
Cells and virus. MT-4 cells (22), PBMCs, and U1 cells (12) were used in the antiviral assays. PBMCs were obtained from healthy donors and were stimulated with phytohemagglutinin. Except for the PBMCs, the cells were maintained in RPMI 1640 medium supplemented with 10% heat-inactivated fetal calf serum, 100 U of penicillin G per ml, and 100 g of streptomycin per ml. PBMCs were cultured in RPMI 1640 medium containing 20% fetal calf serum, antibiotics, and 20 U of interleukin-2 (Boehringer Mannheim, Mannheim, Germany) per ml. HIV-1 IIIB was used for acute infection of MT-4 cells and PBMCs. The virus was propagated and titrated in MT-4 cells and was stored at Ϫ80°C until use.
Antiviral assays. The activities of the compounds against acute HIV-1 infection were based on the inhibition of virus-induced cytopathogenicity in MT-4 cells as described previously (2) . Briefly, the cells (10 5 cells/ml) were infected with HIV-1 IIIB at a multiplicity of infection of 0.02 and were cultured in the presence of various concentrations of the test compounds. After a 4-day incubation at 37°C, the number of viable cells was measured by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) method. Determination of anti-HIV-1 activities in PBMCs was based on the quantitative detection of HIV-1 p24 antigen in the culture supernatants with a sandwich enzyme-linked immunosorbent assay kit (Cellular Products, Buffalo, N.Y.). PBMCs stimulated with phytohemagglutinin for 3 days were infected with HIV-1 IIIB at a multiplicity of infection of 0.02. After viral absorption for 2 h, the cells were extensively washed with culture medium and incubated in the presence of various concentrations of the test compounds for 6 days. The cytotoxicities of the compounds were evaluated in parallel with their antiviral activities. The mock-infected cells were cultured in the presence of various concentrations of the test compounds. The numbers of viable MT-4 cells and PBMCs were measured by the MTT method on days 4 and 6, respectively.
The activities of the compounds against chronic HIV-1 infection were based on the inhibition of p24 antigen production in U1 cells. U1 cells (10 5 cells/ml) were incubated in the presence or absence of the compounds for 2 h, stimulated with 1 ng of TNF-␣ (Boehringer Mannheim) per ml, and further incubated. After a 3-day incubation at 37°C, the culture supernatants were collected and examined for their p24 antigen levels. At the same time, the number of viable U1 cells was also determined by the MTT method.
Synergy calculations. The multiple-drug effect was evaluated by the medianeffect principle and the isobologram method (5, 6) . This method involves the conversion of dose-effect curves for each compound and for multiple diluted fixed-ratio combinations of compounds into the median-effect plot. The slope and x intercept of the plot were used to calculate the combination index (CI). CIs of Ͻ1, 1, and Ͼ1 indicate a synergistic effect, an additive effect, and an antagonistic effect, respectively. All experiments were carried out in duplicate or triplicate, and each experiment was repeated two or three times for determination of anti-HIV-1 activities and CIs.
RESULTS
Before the start of the experiments, the combination ratio of two compounds had to be chosen in order to establish their optimal molar ratio. To this end, we referred to our database on the anti-HIV-1 activities of the tested compounds, and on the basis of their 50% effective concentrations (EC 50 s) in MT-4 cells, three different combination ratios were selected for each combination. When K-12 and the other test compounds were examined for their inhibitory effects on HIV-1 replication in MT-4 cells, a dose-dependent inhibition of virus-induced cytopathogenicity was observed with all compounds on day 4 after viral infection (data not shown). The EC 50 s of K-12 alone, ZDV alone, 3TC alone, NVP alone, and NFV alone were 0.50, 0.0043, 1.0, 0.12, and 0.068 M, respectively (Table 1) . Their EC 90 s) were also obtained, and they were 5-to 11-fold higher than the corresponding EC 50 s. Table 1 also presents the EC 50 s and EC 90 s of the drug combinations at different molar ratios. For instance, the EC 50 of K-12 plus 3TC at a ratio of 1:1 was 0.36 M (Table 1) , which consisted of 0.18 M K-12 and 0.18 M 3TC. Thus, concentrations lower than those expected from the EC 50 s of each compound alone (0.25 M K-12 and 0.5 M 3TC) were required to achieve 50% inhibition of HIV-1 replication, indicating that the combination was synergistic. In fact, the CI at a level of 50% inhibition was 0.61 (Table 1) , which indicated synergy.
Except for one combination (K-12 plus 3TC at a ratio of 4:1), the CIs of all combinations were less than 1.0, irrespective of the inhibition levels ( Table 1 ). The combination of K-12 and 3TC at a ratio of 4:1 exhibited synergism (CI ϭ 0.86) at a level of 50% inhibition, whereas it displayed an additive effect (CI ϭ 1.0) at 70% inhibition and antagonism (CI ϭ 1.3) at 90% inhibition. Among the combinations, K-12 plus ZDV appeared to be the most synergistic, and K-12 plus 3TC and K-12 plus NVP followed. K-12 plus NFV was the least synergistic, although CIs of 0.77 to 0.83 were recorded at a level of 50% inhibition ( Table 1) . The isobologram presentation clearly demonstrated the synergies of all combinations, where the resulting isobolograms always fell below the broken line that indicated an additive effect (Fig. 2) .
To exclude the possibility that K-12 enhanced the anti-HIV-1 activities of ZDV, 3TC, NVP, and NFV by enhancing their cytotoxicities for the host cells, the effect of K-12 on the cytotoxicities of these compounds was examined. In our previous studies, the 50% cytotoxic concentration (CC 50 ) of K-12 was 3.2 M for mock-infected MT-4 cells (3), yet at concentrations up to 1 M it did not affect the proliferation and viability of the cells (data not shown). As shown in Fig. 3 , K-12 did not affect the cytotoxicity of the RT and protease inhibitors to the host cells even when K-12 was used at a concentration of 1 M. Interestingly, the cytotoxicity of NVP seemed to be reversed with increasing concentrations of K-12 (Fig. 3C) . These results indicate that the synergistic anti-HIV-1 activities of the combinations are not due to the cytotoxicity of K-12.
The synergistic inhibition of HIV-1 replication by K-12 and either ZDV, 3TC, NVP, and NFV was confirmed in PBMCs. We chose for the assays the combination ratio that resulted in the highest degree of synergism with MT-4 cells, such as 100:1 for K-12 plus ZDV, 1:1 for K-12 plus 3TC, 8:1 for K-12 plus NVP, and 10:1 for K-12 plus NFV. Different from the results obtained in MT-4 cells, K-12 plus 3TC displayed the highest degree of synergism in PBMCs ( Table 2 ). The CIs of this combination were almost constant (0.56 to 0.60), irrespective of the inhibition levels. Again, the weakest synergism was observed with K-12 plus NFV, and the CIs of this combination of close to 1.0 (0.89 to 0.96) indicated the additive effect of this combination in PBMCs.
Since K-12 is an HIV-1 transcription inhibitor and is able to inhibit HIV-1 production in chronically infected cells, it was of particular interest to examine the effect of a combination of another transcription inhibitor or a protease inhibitor in these . In the absence of any stimuli, U1 cells produce little or no HIV-1 particles and antigens. However, viral replication was markedly activated by the addition of a small amount of TNF-␣ into the culture medium. In our experiments, the p24 antigen levels in the culture supernatants were approximately 0.032 and 4.0 ng/ml in the absence or presence of 1 ng of TNF-␣ per ml, respectively (data not shown). Under such conditions, K-12, CEP, and NFV proved to be highly potent and selective inhibitors of HIV-1 replication, as determined by the reduction in the p24 antigen levels in the culture supernatants. The EC 50 s of K-12 alone, CEP alone, and NFV alone were 0.084, 0.047, and 0.13 M, respectively ( Table 3 ). The combination of K-12 and CEP at any ratio (1:4, 1:2, and 1:1) clearly resulted in synergistic inhibition of HIV-1 production, and the CIs were always less than 1.0. In particular, a CI value of 0.32 was achieved with the 1:1 combination at a level of 90% inhibition (Table 3) , indicating strong synergism for inhibition of TNF-␣-induced HIV-1 production in U1 cells. In contrast, the combination of K-12 and NFV in U1 cells resulted in an additive effect. The CIs of this combination were close to 1.0 or were even slightly greater than 1.0 at a level of 50% inhibition ( Table 3 ). The isobologram presentation of these two combinations also contrasted the differences in the results obtained with K-12 plus CEP and those obtained with K-12 plus NFV (Fig. 4) . The CC 50 of K-12 was more than 5 M for U1 cells, and we could not detect any cytotoxic effects on U1 cells at any of the concentrations used in the combination experiments (data not shown).
DISCUSSION
In this study, we demonstrated that combinations of K-12, a representative of the anti-HIV-1 fluoroquinolines, and the clinically available antiretroviral agents (ZDV, 3TC, NVP, and NFV) synergistically inhibited HIV-1 replication in acutely infected cell cultures. Synergistic inhibition of HIV-1 was also observed with the combination of K-12 and CEP in chronically infected cells. The anti-HIV-1 activities of fluoroquinoline derivatives were first described in a European patent, but their mechanism of action was not reported (19) . Our recent studies of a series of novel fluoroquinoline derivatives revealed that the compounds, including K-12, selectively inhibited HIV-1 gene expression (3, 4) . Reporter gene assays with HIV-1 long terminal repeat-driven chloramphenicol acetyltransferase or alkaline phosphatase revealed that the fluoroquinoline derivatives could suppress Tat-induced but not TNF-␣-induced gene expression (4; data not shown). Interestingly, TNF-␣-induced gene expression was moderately (20 to 30%) enhanced by the presence of 1 M K-12 in CEM cells (data not shown). Thus, their anti-HIV-1 activities seem to be attributable to the inhibition of the HIV-1 Tat function, although we have recently found that the fluoroquinoline derivatives inhibit the Tat function in a transactivating response element-independent fashion (unpublished data). Further studies, such as a cell-free Tat transcription assay, are required to elucidate the pinpoint target of the compounds. Since Tat-mediated HIV-1 activation involves complex interactions with known and unknown cellular factors (7, 25, 27, 28) , it is also possible that the fluoroquinoline derivatives target one of these factors. If K-12 is interacting with a cellular factor that plays a crucial role in gene expression, substantial toxicities may not be avoidable. Current combination chemotherapies with HIV-1 RT inhibitors and protease inhibitors mainly focus on the suppression of the drug-resistant mutants that lead to the failure of drug efficacy in HIV-1-infected patients. On the other hand, the dose of each compound required to achieve the same degree of inhibition achieved with monotherapy could be reduced by use of a synergistic combination. This advantage of combination chemotherapy may also be quite important for such compounds that interact with cellular factors, because in vivo side effects seem to be a primary factor limiting their practical use. The concentrations of K-12 required for 50 and 90% inhibition of HIV-1 replication in MT-4 cells, could be reduced by more than one-third of the EC 50 and EC 90 of K-12 alone, respectively (Table 1) . Similar results were also obtained with some combinations in PBMCs (Table 2) . Another interesting observation to be noted is that the combination of K-12 and CEP but not the combination of K-12 and NFV was found to inhibit synergistically HIV-1 production in chronically infected cells (Table 3 and Fig. 4 ). CEP is a plant alkaloid and has been shown to have anti-inflammatory, antiallergic, and immunomodulatory activities in vivo (13, 20, 21) . A plant extract containing CEP as a major component has been used in Japan for the treatment of various chronic inflammatory diseases. We have recently found that CEP is a potent and selective inhibitor of HIV-1 expression in U1 cells (23) . Its EC 50 and CC 50 for HIV-1 production were 0.026 and 3.6 M, respectively, in phorbol 12-myristate 13-acetate-stimulated U1 cells. In the present study, the EC 50 of CEP was 0.047 M in TNF-␣-stimulated U1 cells (Table 3) , which confirmed the anti-HIV-1 activity of CEP in chronic HIV-1 infection. Although both K-12 and CEP are inhibitory to HIV-1 gene expression, the mechanism of HIV-1 inhibition by CEP clearly differs from that by K-12. CEP proved to interfere with the activation and translocation of NF-B into the nucleus, whereas K-12 did not affect it, as determined by a gel mobility shift assay (3). This may be a reason for the synergy of K-12 plus CEP. In contrast, the combination of K-12 and the protease inhibitor NFV resulted in an additive effect in U1 cells (Table 3 and Fig. 4) . Similarly, this combination (K-12 plus NFV) was the least synergistic in acutely infected MT-4 cells and PBMCs (Tables 1 and 2 ). Although it seems unlikely that K-12 affects the processing activity of HIV-1 protease, experiments with other protease inhibitors are needed to conclude that the combination of K-12 and a protease inhibitor generally exerts an additive inhibitory effect on HIV-1 replication.
In conclusion, the HIV-1 transcription inhibitor K-12 not only potently and selectively inhibits HIV-1 replication but also enhances the activities of clinically available antiretroviral agents in cell cultures. Thus, the combinations described here may have potential as effective chemotherapeutic modalities and should be further pursued in vivo unless K-12 (or its derivatives) is found to have serious toxicities or pharmacological problems in humans.
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